Abstract Two experiments were conducted into the rearing of crucian carp larvae under controlled conditions in an experimental closed water system. In both cases, the rearing lasted 21 days. The first experiment concerned the initial stocking density (from 50 to 600 individuals per l), whilst the second one studied the first food offered (two types of Artemia nauplii, decapsulated Artemia cysts and three types of commercial feeds) which were applied at the moment of exogenous feeding commencement. The best results were obtained using 50 larvae per l, whilst there were no significant differences within the range 200-600 larvae per l. The application of dry feed had a negative influence on the survival and other parameters. The highest survival rate was found in the groups fed with freshly hatched Artemia naupli. The results obtained indicate that the rearing of crucian carp larvae may be successfully conducted in very high stocking densities. However, the very high sensitivity of crucian carp larvae to the type of food offered during the initial days of life should be taken into account. The data presented in this article could be very useful in crucian carp larviculture.
mental conditions (Holopainen et al. 1997) . However, the abundance of many populations shows a decreasing trend over almost the entire area of its natural occurrence (Skrzypczak and Mamcarz 2005; Tarkan et al. 2009 ). On the other hand, the production of crucian carp in Asian countries reached over 1.9 million tons in 2007 whilst the total production value exceeded 1.6 billion dollars (FAO statistics-ftp://ftp.fao.org/fi/ stat/summary/a-6.pdf), which positions it in the top ten of aquaculture production. In the majority of cases, production is conducted extensively in earthen ponds (FAO 2004) . For decades, crucian carp has been one of the most important species in fresh waters in Central Europe (Skrzypczak and Mamcarz 2005) . For many years, this species (due to its flexibility) has been the subject of many scientific studies (e.g. Skrzypczak and Mamcarz 2005; Copp et al. 2008; Tarkan et al. 2009 ). However, data on the biological aspects of rearing the larvae of this species under controlled conditions as stocking material is fragmentary.
Sustainable aquaculture plays a very important role in the active protection of endangered fish species (Sarkar et al. 2006; Ross et al. 2008) , and the rearing of the larvae under controlled conditions is one of the most effective methods for production of stocking material for restitution purposes (Shiri Harzevili et al. 2003 , Sarkar et al. 2006 Hamáčková et al. 2009 ). This relates to both economic profitability of production Hakuć-Bła_ zowska et al. 2009 ) and effectiveness of restitution operations, which depend directly on releasing material of an appropriate size and quality and at the appropriate time to the environment (Cowx 1994) .
Studies on the controlled rearing of the larvae allow an objective and precise determination of the conditions necessary for appropriate growth resulting from the biological conditions of a given species. Factors such as feed type and stocking density have a direct influence on the rearing effects (Wolnicki 2005; ) and may differ significantly between different species (Wolnicki 2005; Kujawa 2004; Sarkar et al. 2006; . The application of dry feed decreases the rearing costs significantly and allows more rational and time-effective feeding. Larvae of some fresh water fish species, such as the barbel Barbus barbus (L.), nase Chondrostoma nasus (L.) or rudd Scardinius erythrophthalmus (L.), can be fed compound feed from the first day without any major influence on their survival (Kujawa 2004; Wolnicki 2005; Wolnicki et al. 2009 ). But the other freshwater species, such as ide Leuciscus idus (L.), chub Leuciscus cephalus (L.) or asp Aspius aspius (L.), need to ingest exogenous digestive enzymes with live prey (Dąbrowski 1984a, b; Kujawa 2004; Wolnicki 2005) . The application of high stocking densities may positively affect production costs (King et al. 2000; Kupren et al. 2008 ). Many studies have covered densities from several tens to a maximum of 200 larvae per 1 l (King et al. 2000; Kujawa 2004; Fréchette 2005; Kupren et al. 2009 ). In those studies, the decrements in growth rate and survival rates were found to be highly dependent on the stocking density (e.g. Alvarez-Gonzalez et al. 2001; Kujawa 2004; . Preliminary studies indicate that the rearing of cyprinid fish larvae at densities reaching 400 individuals per l without a negative effect on their survival and condition is possible ). The above-mentioned variability amongst freshwater fish species creates the necessity of determining the optimum rearing conditions for each individual species.
The aim of the study was to investigate the growth rate and survival of crucian carp larvae reared at different stocking densities and fed solely with different diets.
Materials and methods

Stock management and rearing conditions
The material for the experiments consisted of crucian carp larvae obtained from controlled reproduction according to the methodology described by Targońska et al. (2009) . Crucian carp spawners were caught from Sasek Wielki Lake (north-eastern Poland) and transported to the hatchery of the Department of Lake and River Fisheries, Warmia and Mazury University in Olsztyn, where they were placed in 1,000 l tanks equipped with the possibility of controlling the environmental conditions (Kujawa et al. 1999) . The initial water temperature was 16°C and over 2 days was gradually increased to the 19°C and hormonal stimulation was then applied. The fish of both sexes were treated with Ovopel, which is a commercial preparation containing a mammalian analogue of LH-RH [(DAla 6 , Pro 9 -Net)-mLH-RH] and dopamine antagonist-metoclopramide (one Ovopel pellet contains 18-20 lg of LH-RHa and 8-10 mg of metoclopramide) (Horvath et al. 1997) in two doses of 0.2 and 1.0 pellet per 1 kg of the spawner's body weight, respectively. The time between injections was 12 h. After the first injection, the water temperature was increased to 20°C and to 21°C after the second injection. The gametes were obtained 16 h after the second injection. Fertilised eggs (obtained from six females) were incubated in Weiss jars in water at 21°C. The larvae hatched after 3 days. They were then transferred to the collective tank (total volume 150 l) and placed in a closed water system. Next, the water in the tank was gradually raised to 25°C. Three days post-hatch (DPH) larvae started active swimming.
The study was divided into two separate experiments during which the same rearing conditions were maintained. The rearing was conducted in closed freshwater circuits with automatic controls for temperature, photoperiod and additional aeration of water. For each experiment, actively swimming larvae with filled posterior chambers of the swim bladder were used (4 DPH). The fish were not fed until that moment. The water temperature during the rearing was constant at 25°C (±0.1). This temperature was found to be optimal for cyprinid larvae (Wolnicki 2005) . The tanks were illuminated with white fluorescent light and the photoperiod was 12 h (12L:12D). The larvae were fed three times a day. The first feeding was conducted an hour after switching on the light and the next two at 5 h intervals. The rearing tanks were cleaned twice a day (before the first and the last feeding). At that time, dead individuals were removed and their numbers were recorded. The content of ammonia and nitrites was checked daily using an LF205 photometer (Slandi, Poland) and its level did not exceed 0.1 and 0.05 mg l -1 , respectively. In addition, the content of oxygen dissolved in the water in rearing tanks was checked using a digital oxygen meter (HI 91410, Hanna Instruments, Italy). The oxygen level did not drop below 80% saturation during 21 days of rearing.
Control measurements, during which the total length of the larvae was measured (±0.1 mm), were conducted on the first day of the experiment and in subsequent 7-day intervals. The individual average weight (±0.1 mg) was determined at the beginning and the end of each experiment. To perform the measurement, 30 individuals were sampled from each experimental treatment and anaesthetized in 2-phenoxyethanol (Sigma-Aldrich, Germany) (0.4 ml l -1
). The larvae were photographed and measurements were done using ProgRes Ò Capture Pro 2.5 computer software (Jenoptik, Germany). After measurement, the fish were returned to the same tanks from which they had been taken.
Experiment 1: stocking density
The rearing was carried out in glass, cubic-shaped 1 l capacity tanks where part of one wall of each rearing tank was replaced with a 0.2 mm mesh net, which prevented the fish and food from escaping the tank. The tanks were placed in a larger glass tank (total capacity 50 l) that formed the water bath and were supplied through the top water inlet after mechanical and biological filtration. This experimental unit, especially designed for this purpose, ensured water quality and other environmental rearing conditions at the same level independently of density and replication (described in detail in Krejszeff et al. 2010 ). Mechanical and biological filtration was provided with an external filter (Fluval 405). The water flow was the same in each rearing tank, gradually increased during the rearing from 100 to 150 ml min -1 . The stocking densities were: 50, 100, 200, 300, 400, 500 and 600 individuals per l. The experimental groups were marked as Cc-50, Cc-100, Cc-200, Cc-300, Cc-400, Cc-500 and Cc-600, respectively. The larvae were fed with freshly hatched Artemia naupli (Artemia sp.). The food was supplied proportionally to the initial stocking density and fish growth. The larvae were fed according to their density. Initially (day 1), the daily feed for the larvae was 300 nauplii per capita and was given in three equal portions. The feed dose was increased daily by 5%. The experiment was conducted in three replications.
Experiment 2: different diet
The rearing was carried out in 1.5 l capacity tanks of the same design as in experiment 1. The closed water system was much larger with a relatively large total capacity (500 l). The mechanical and biological filtration systems were also greater and more effective in preventing accumulation of nitrogen compounds in the system, which could be observed where different (high-protein) food was offered. The larvae density was 100 individuals per 1 l. Six experimental groups were set, each fed on a different feed: Artemia nauplii (group AN), Artemia nauplii incubated with continuous Vibrio suppression compound (Artemia High 5, group AH), Gemma Micro feed (group GF), Perla feed (group PF), Hikari feed (group HF) and decapsulated Artemia cysts (group DC). The applied dry diets were the most commonly used commercial starter feeds in freshwater larviculture. Each of the feeds was recommended as sufficient diets for fish larvae as a sole food due to its stability in water and long-term suspension in the water column. Pellets of each of the feeds were smaller than Artemia nauplii. The feed characteristics are presented in Table 1 . Feeding was performed manually (always slightly excessive) in such a way that food was available for the larvae for 1 h. Each experimental treatment was performed in triplicate.
Data analysis and statistics
The specific growth rate (SGR, % d -1 ) was computed according to the formula (lnW TlnW t )100)(T-t) , where W t and W T represent the weight of fish at the beginning (day 0) and the end (day 21) of rearing and T-t represent the number of days between measurements (Jørgensen and Jobling 1993) . On the last day of each experiment, Fulton's condition coefficient (K) was computed according to the formula: K = 100 W TL -3 , where W means bodyweight (mg), and TL the total length of larvae (mm). The larval development stage (LDS) for each experimental treatment according to the scale proposed for carp by Penaz et al. (1983) (LDS 1-6) was also determined. An additional stage (7) was introduced for individuals without the fin fold. Final biomass (mean individual weight 9 final number of larvae) was calculated for stocking density experiment.
The statistical analysis of the data was carried out using the STATISTICA for Windows ver. 8.0 PL software package (StatSoft). All of the values expressed as percentages were arcsine-transformed prior to statistical analysis. The differences between groups regarding larval length, weight, survival and SGR were analysed with a one-way analysis of variance (ANOVA), because only one independent variable (factor) from experiments 1 and 2 was tested. When ANOVA showed significant differences, Tukey's post hoc test (a = 0.05) was applied. The comparison of the developmental stages and Fulton's coefficient between experimental groups was performed using a non-parametric Kruskall-Wallis test (a = 0.05). Analysis of regression was performed between the final biomass and stocking density using MS Excel for Windows.
Results
Experiment 1
Statistically significant differences in larvae length were recorded on the 14th day of rearing. Individuals in groups Cc-50 and Cc-100 were significantly longer than the larvae from the other groups and achieved an average total length of 14.19 and 14.24 mm, respectively (Table 2) . Between the other groups, no differences in the total length of the larvae were found and the results ranged from 11.84 to 12.63 mm, respectively in groups Cc-600 and Cc-200. On the last day of the experiment, the statistically largest average total length was recorded for the larvae from the lowest stocking density (group Cc-50), where they reached an average of 17.77 mm. The larvae from a stocking density of 100 individuals per l were significantly smaller (average 16.70 mm) than Cc-50, but significantly longer than the fish from the remaining groups (except for group Cc-300). No significant differences were found amongst groups from Cc-200 to Cc-600. As concerns the average weight at the end of the experiment, no significant differences were recorded between groups Cc-200 and Cc-600 (the range of average values from 34.61 to 42.60 mg) which, in turn, were significantly smaller than individuals in groups Cc-50 and Cc-100 (with the average values of 60.73 and 51.83 mg, respectively) ( Table 2 ). The final biomass obtained was the largest in Cc-600 group and this indicator was positively correlated with stocking density (Fig. 1) .
The results obtained concerning the other parameters showed significant differences between groups, with the exception of the SGR. The average value of that coefficient ranged from 20.06 to 17.38 (% d -1 ). Group Cc-50 was characterised by the highest coefficient K amongst all the groups, reaching an average value of 1.02. Between the groups Cc-100, Cc-300 and Cc-500 (0.97, 0.96 and 0.96% d -1 , respectively) no significant differences were found. However, they differed significantly from groups Cc-200, Cc-400 and Cc-600 (0.93, 0.95 and 0.93% d -1 , respectively), between which no statistical differences were found ( Table 2 ). The larvae from the group Cc-50 were characterised by the most advanced development (in average 6.62), statistically larger than the other groups, with the exception of the Cc-100 group. No statistically significant differences between the other groups were found (the average range was from 6.23 to 6.00) ( Table 2) . During the experiment, the survival rates of the larvae were high amongst all groups and ranged from 87.5 to 90.0% (Table 2) .
Experiment 2
The difference in the total lengths of the larvae fed from the beginning of exogenous feeding on different types of feeds was evident by the 7th day of rearing (Table 3 ). The largest larvae were recorded in groups AN and AH (8.88 and 8.82 mm, respectively). The average length of the larvae in group DC was much smaller at 7.36 mm, although the individuals in that group were statistically longer than those of the remaining groups (GF, HF and PF), where the larvae reached lengths ranging from 6.52 to 6.87. After week 2 of rearing, the best results were recorded in the group AN, which differed evidently from those in the AH group. The larvae in those groups reached lengths of 12.84 and 11.61 mm, respectively. After 21 days of rearing, the longest individuals were obtained in the AN group (16.55 mm in average). Statistically smaller larvae were recorded in the AH group (15.42 mm in average) which, in turn, were significantly larger than the fish in the remaining groups, between which no statistical differences were recorded. In those groups, the average total length of the larvae ranged from 11.38 to 12.25 mm. The largest average mass of individual larvae at the end of the experiment was recorded in the AN and the AH groups (52.69 and 41.21 mg, respectively). No differences were found amongst the other groups, although the larvae in those groups had a significantly lower average mass than the fish in groups AN and AH, where the average mass of the individuals ranged from 11.87 to 16.42 mg (Table 3) . The highest SGR coefficient, significantly higher than in the remaining groups, was obtained in groups AN and AH (19.38 and 18.21% d -1 , respectively) ( Table 3) . On the other hand, the K coefficient was the highest in the AN group (1.12 in average) and it differed statistically from those obtained in the remaining groups, amongst which the lowest values were recorded in groups GF, HF and PF, between which no differences were recorded (Table 3 ). The best results in developmental stages were obtained in the groups AN (5.87) and AH (5.53). The range of values recorded in other groups, which differed significantly from the AN and AH groups, was from 4.00 to 4.80. The highest survival rates of the larvae were recorded in the groups AN and AH (90.0 and 88.0%, respectively). A statistically lower survival rate was obtained in group DC (76.9%) which, in turn, differed significantly from the remaining groups (Fig. 2) .
Discussion
The initial size of the crucian carp larvae is one of the lowest amongst freshwater cyprinids distributed in Central Europe. The total initial length (at the start of exogenous feeding) of various species such as ide, dace Leuciscus leuciscus (L.), chub or asp ranged between 7.86 and 9.12 mm and initial body weight ranged from 1.3 to 3.0 mg (Kujawa 2004; Kwiatkowski et al. 2008 ) and were bigger than crucian carp (5.49 mm of TL and 0.9 mg of wet body weight). A comparable initial size was recorded for common carp Cyprinus carpio (L.) (5.3-6.8 mm of TL) , goldfish Carassius auratus (L.) (Rema and Gouveia 2005) and rudd (5.7 mm of TL and 0.9 mg of wet body weight) (Wolnicki et al. 2009 ). Only tench Tinca tinca (L.) was reported to be smaller (from 4.53 to 4.86 mm of TL and 0.49 mg of wet body weight) than crucian carp larvae (Quiros and Alvarino 2000) . However, the growth rate of crucian carp in this study was one of the highest (SGR = 20.06% d -1 in group Cc-50). For example, SGR for chub and ide was equal to 18.05 and 16.21 (% d -1 ), respectively . Kujawa et al. (2010) ) (Wolnicki et al. 2009) and goldfish (22.66% d -1 ) (Rema and Gouveia 2005) . In addition, tench larvae reared by Wolnicki et al. (2003) under comparable conditions grew similarly fast (SGR = 19.75% d -1 ). A negative effect of stocking density on fish growth was reported in many studies. However, the mechanism is not fully known. In most cases, the authors suggest the influence of social interactions, including cannibalism and changes in physicochemical characteristics of the water resulting from an excessively high density applied (e.g. King et al. 2000; Alvarez-Gonzalez et al. 2001; ). Contrary to other authors, Daniels et al. (1996) , rearing the larvae of flounder Paralichthys lethostigma (Jordan and Gilbert) under laboratory conditions, showed that an increase in stocking density did not affect the rearing outcome. In consequence, it could be assumed that this might result from the scale of rearing carried out, because in a large-scale experiment it is more difficult to keep the comparable water parameters (e.g. avoid instantaneous elevated ammonia levels or hypoxia zones in rearing tanks shortly after feeding) (King et al. 2000; Kupren et al. 2009 ). However, in this study, despite maintaining very good and comparable water quality in all treatment groups, significant differences were found. However, significant size differences were found to be density-dependent only at low densities (below 200 ind. l -1 ). It is noteworthy that a higher stocking density obtained a significantly larger biomass from the same volume unit, whilst the values of individual parameters did not differ significantly between the groups using 200 larvae per litre or more (Fig. 1) . The larvae in those groups were also similar in developmental advancement, as well as in condition coefficient (K). However, the growth rate (SGR) was at the same level in all experimental treatments (from 50 to 600 ind. l -1 ). A similar correlation was also observed by Kupren et al. (2009) in the rearing of dace in high densities. Also, in the case of goldfish larvae, a negative effect of density was observed in the lowest density (20 ind. l ) (Rema and Gouveia 2005) .
In view of these studies, it could be concluded that the effect of density may be directly linked to fish size and their developmental advancement (Irwin et al. 1999; Ambrosio et al. 2008) . It could be suggested that fish which are much more advanced ontogenetically are able to react more intensively to stimuli around them. This may have directly affected physiological factors resulting from stress (Costas et al. 2008 ) and consequently reduced growth rate. Thus, the lack of differences in crucian carp larvae growth in high stocking densities (above 200 ind. l -1 ) could be linked to small initial size and developmental advancement and that larvae (in such high densities) were exposed to the maximum stimuli to which they could react. Thus, in crucian carp larvae, the negative density-dependent effect did not occur at high densities. This phenomenon became more noticeable during the ontogenetic development. Up to day 7, less ontogenetically advanced larvae were less able to experience the stimuli, due to the high stocking density to which they were exposed.
The size differentiation between the groups with the lowest stocking densities (from 50 to 200 ind. l -1 ) and the highest (from 200 to 600 ind. l -1
) increased during the rearing period. It is noteworthy that this is the first report on the successful application of such high stocking densities in cyprinid larviculture.
The application of dry feed as the sole food for crucian carp resulted in a decrease in all of the analysed indicators compared to the group fed only with Artemia. Attention should be paid to the fact that none of the commercial feeds chosen for the experiments matched the natural feed, which is particularly well reflected in the survival rates of the larvae. The highest mortality in groups in which larvae were fed commercial diets was highest in the period of about 4-8 days. This is clearly visible in the shape of the curves plotted in Fig. 2 for those groups. It could be suggested that the mortality of larvae, which were not eating, occurred during this period. The shape of the curves in the remaining groups was characteristic for the dynamic of mortality in cyprinid larviculture Kujawa et al. 2010) . For larvae that were fed with decapsulated cysts, it was higher at the end of the rearing period when compared with the remaining groups. It was previously reported that stability in the water of decapsulated cysts of Artemia is much higher than compound feed pellets (Ribeiro and Jones 1998) . The cysts are also very energetic and much more digestible than compound feeds (Leger et al. 1986; Pector et al. 1994; Shiri Harzevili et al. 2003) . Crucian carp larvae probably assimilated some of the nutritional substances, however, not enough to cover their requirements. Thus, relatively delayed mortality rate was observed.
Decapsulated Artemia cysts were applied successfully as the first feed during rearing of ide (Shiri Harzevili et al. 2004) , chub (Shiri Harzevili et al. 2003) and carp (Vanhaecke et al. 1990 ). Common carp, goldfish and rudd larvae, which are comparable in size to crucian carp, were successfully reared with commercial feeds as a sole food already (AbiAyad and Kestemont 1994; Carvalho et al. 1997; Wolnicki et al. 2009 ). In this study, larvae fed only with dry food were less advanced in development and had much lower Fulton's condition coefficient compared to the control group. A similar sensitivity was observed in common tench larvae (Wolnicki and Górny 1995) ; however, recent data indicate that it is possible to successfully rear larvae of common tench with dry food without a negative effect on their survival (Mamcarz et al. 2011) . Thus, the obtained results suggest that crucian carp is very sensitive amongst cyprinids to the type of food offered at the start of exogenous feeding. This is most probably correlated with the poorly developed alimentary system of the larvae of that species (Dąbrowski 1984b) . As the rearing of juvenile forms can be carried out successfully applying compound feeds (Myszkowski et al. 2002) , it is necessary to determine the optimum conditions for the transition from natural food to dry feed.
The obtained results could be very useful in potential controlled rearing of crucian carp larvae. In addition, the data presented also further advance a better understanding of the cyprinid fish species and may have a great influence on crucian carp fry production. This regards both commercial utilisation and sustainable activities directed at maintaining the biodiversity of natural environments through restocking activities. It should be assumed that further studies into the rearing of crucian carp larvae are needed to optimise conditions for effective production of this species.
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